This paper reviews recent research on microlayer formed by confined vapor bubbles during boiling in mini/microchannels. Experimental measurements, simulations and theoretical studies are described and compared. As a reference to clarify the mechanism for the formation of a microlayer, Taylor flow (i.e. elongated bubble flow in mini/micro circular tubes under adiabatic conditions and at Re << 1) and elongated bubble flow at high velocity, with consideration of the influence of inertia, are also reviewed. Compared to the steady adiabatic conditions, one of the distinct points for the boiling condition is that the bubble grows exponentially due to rapid evaporation of the microlayer. A pattern of two regions (i.e., surface tension-viscosity controlled and boundary layer controlled regions) seems to be presently acceptable to describe microlayer formation for a wide range of bubble growth velocity. In addition, the effect of microlayer evaporation on the boiling heat transfer in mini/microchannel is reviewed.
INTRODUCTION
In recent years, the phenomena of boiling in microchannels has attracted the interest of numerous researchers, due to the rapid development of micro/mini devices used in several engineering applications, including compact, high-heat-flux heat exchangers and cooling systems for various devices such as high-performance microelectronic devices, microelectromechanical systems, and aerospace components. Surface tension affects the lateral and axial distribution of liquid and vapor in mini/microchannels, so that the physics of boiling differs considerably from that in macrochannels. Qu and Mudawar (2003) reported that, in contrast to conventional channels, local heat transfer coefficients in microchannels have been shown experimentally to be almost exclusively dependent on the heat flux and saturation pressure, and instead decrease with the vapor quality.
Therefore, the existing empirical correlations and models for heat transfer developed for macrochannels are not reliable guides for mini/microchannels, because they are based on conventional nucleate boiling and convective heat transfer models. Instead, Jacobi and Thome (2002) and Thome et al. (2004) proposed that transient evaporation of thin liquid films trapped between the bubble and heating surface is the dominant heat transfer mechanism in the mini/microchannel heat transfer model. Parametric studies have shown that the Jacobi -Thome model (2002) predicted several independent experimental results quite well with the assumption of nucleation superheat and an initial thin liquid film thickness. Thus, it is very important to clarify the behavior of the microlayer and to develop a method to predict its thickness. Kandlikar (2002) , Cheng et al. (2007) and Ong and Thome (2011) have presented summaries on research of evaporation in microchannels. These reviews addressed channel classifications based on different methods, of which the typical methods are shown in Table 1 
where Dh is the hydraulic diameter of the channel; g is gravitational acceleration; σ is surface tension; and ρ L and ρ V are the densities of the liquid and the vapor, respectively. There have been a number of attempts to define a criterion for channel scale, ranging from that based on the physical hydraulic diameter to a general definition. Wayner (1999) and Stephan (2002) several hundred micrometers of channel), the microlayer formed between the confined bubble and heating surface is of micrometer order and becomes thin due to evaporation. Generally, most of the boiling heat transfer process is considered to be completed before the microlayer decreases to a nanometer order liquid layer, during which the effect of disjoining pressure can be neglected. The present study focuses on the initial microlayer (with micrometer order thickness), which is defined as the thin liquid layer formed just behind the moving bubble tip, and where the surface tension effect becomes dominant. The aim of this paper is to present typical research related to the microlayer formed in mini/microchannels during boiling or under adiabatic conditions (which can assist understanding the formation mechanism and characteristics of microlayers under boiling), and to propose areas available for further investigation.
MEASUREMENT OF MICROLAYER THICKNESS
Despite the importance of predicting the heat transfer characteristics, relatively few studies have investigated the microlayer thickness in microscale boiling systems. This is partially because boiling in microscale systems is a developing area of research. The main reason is that the spatial and temporal scales involved make it inherently difficult to develop high-response, non-contact measurement methods. In microscale boiling systems, thermal transport occurs over considerably longer time scales than the fluidic response, as reported by Miler et al. (2010) . It is thought that the microlayer thickness immediately after the passage of the bubble tip is determined by the kinetic interface behavior during bubble growth and that it is not affected by evaporation. Therefore, investigation of the microlayer thickness under adiabatic conditions (even studies that do not explicitly address boiling in mini/microchannels) may provide valuable insight. Taylor (1961) , a pioneer in this research, measured the amount of liquid remaining on a tube wall when air is blown into a glass tube (diameter: 1.5-3 mm, length: 105 mm) that had been previously filled with a glycerin-water solution. He did this by determining the mass difference between the inlet and outlet over a specific time. Although this experiment give the residual liquid fraction on the tube wall rather than the liquid layer thickness, it is possible to calculate the former from the latter. Extending Taylor's experiment, Aussillous and Quere (2000) blew air into transparent polymeric tubes of 0.42, 0.62, 0.78, and 1.46 mm in diameter containing drops (with initial lengths of 50-100 mm). The positions of the front and rear meniscuses of the drops were measured as a function of time using a camera. The deposition velocity was deduced from the recorded videos and the film thickness was calculated from the rate at which the drop length decreased. Results were obtained for high velocities by using a low-viscosity liquid, which extended Taylor's experiment to the low deposition rate limit and made it possible to stress the influence of inertia on the film thickness. Katto and Shoji (1970) utilized radial spreading of a flattened air bubble that was artificially produced by injecting air into a narrow space between a pair of parallel disks (diameter: 30 mm, gap size: 0.5 mm) filled with a transparent liquid (water or methanol), and the behavior of the microlayer thus created on a solid surface was observed. Air bubble growth and the microlayer thickness were simultaneously measured using a light-interference technique and high-speed photography. They found that the increasing rate of the microlayer thickness with the radial distance from the center becomes greater as the spreading velocity of the bubble increases. Their experiments were performed for local spreading velocities within the range 0.05-0.75 m/s, which is considered to be a similar order as the bubbles growth rate in normal nucleate boiling, but slower than that in a microscale boiling system. Tibirica et al. (2010) presented a comprehensive literature review of the methods that have been used to measure liquid film thickness from macro to microscale systems under various experimental conditions (i.e., not just internal two-phase flow, but also conditions such as spray cooling on a plate and film flow). In order to group these methods based on similar principles, the authors proposed the following classification: (1) acoustic methods based on ultrasonic waves (e.g. Lu et al., 1993; Carvalho et al., 2008) ; (2) electrical methods that apply an electrical potential difference between electrodes and measure the resulting current (e.g. Thwaites et al., 1976; Kang and Kim, 1992; Thorncroft and Klausner, 1997; Seleghim and Hervieu,1998; Kumar et al., 2002; Jong and Gabriel, 2003; Liu and Chen, 2007; Ameur et al., 2007) ; (3) optical methods based on light intensity attenuation, interface detection, total internal light reflection and laser focus displacement (e.g. Roy et al., 1986; Yu et al., 1996; Tasaki and Utaka, 2003; Ursenbacher et al., 2004; Shedd and Newell, 2004) . Group (3) methods are preferable for microscale measurements, because they have almost no effect on the flow and fluid properties (provided the light intensity is sufficiently low that it does not alter the properties of the fluid).
In addition to the these studies, most of which were measured under steady adiabatic conditions, Moriyama and Inoue (1996) measured the thickness of a microlayer formed on a wall when a flattened bubble grows in a superheated liquid in the narrow gaps between two parallel glass plates. Experiments were performed using R113 as a test fluid for gap sizes of 0.1, 0.2, and 0.4 mm. The liquid microlayer thickness was estimated from the transient temperature variation of the wall surface, by assuming that the heat removed from the wall is consumed by evaporation of the microlayer. They found that the interface traveling velocity increases monotonically with initial superheat, as shown in Fig.  (a) , while Fig. 2(b) shows that the microlayer thickness has a maximum variation with initial superheat. Utaka et al. (2006) measured the microlayer thickness formed between the heating surface and a confined vapor bubble during the microlayer growth process using the experimental apparatus shown in Fig. 3 . Measurements were performed for water with the laser extinction method for gap sizes of 0.5, 0.3, and 0.15 mm. Infrared laser with a wavelength of 3.39 µm was launched through the microchannel measurement section and the attenuated signal was measured with an infrared detector. Lambert's law was employed to determine the microlayer thickness based on the transmittance ratio of the laser. They divided the variation of the microlayer thickness relative to the rate of bubble growth into two regions from the small velocity side; the region where the thickness increases linearly with increasing bubble forefront velocity and the region where the thickness is almost constant. The atter region appears at a bubble forefront velocity of approximately Moriyama and Inoue (1996) . 2 m/s (see Fig. 4 ). Zhang et al. (2010a Zhang et al. ( , 2010b extended the study and measured the microlayer thickness of ethanol, toluene and HFE7200 by the same way and found that the traveling distance of the bubble interface has an apparent effect on the thickness of microlayer in the high speed region (see Fig. 5 ).
Using the laser focus displacement meter shown in Fig. 6 , Han and Shikazono (2009) measured the thickness of microlayer formed slug flow under steady adiabatic conditions in Pyres glass tubes with diameters of 0.3, 0.5, 0.7, 1.0 and 1.3 mm. Ethanol, water and FC-40 were employed as testing fluids. An actuator motor was used to control the velocity of the liquid from 0 to 7 m/s. The position of the target surface can be determined by the displacement of an objective lens moved by the tuning fork. The intensity of the reflected light becomes highest in the light-receiving element when the focus is obtained on the target surface. The objective lens is vibrated continually in the range of ±0.3 mm. The microlayer thickness is obtained from the measured values. In order to investigate the effect of acceleration on the formation of the microlayer, Han and Shikazono (2010a) measured the thickness of microlayers formed by air bubble motion with constant acceleration that is generated by a quick pull of the liquid using an actuator motor. They concluded that the increase of the microlayer with the bubble front velocity is restricted by the acceleration, as From these results it can be concluded that the microlayer thickness is dependent on the position along the flow direction in the microchannel boiling system due to the effect of acceleration, which differs from the uniform thickness assumption under steady bubble motion. Therefore, reconsideration is required when the bubble travels with being accelerated, as shown (later) for boiling in mini/microchannels. Furthermore, measurement uncertainties still remain if comparing those measurement results. Because of the limited data number about the microlayer thickness measurements during boiling in microchannel, there are only a few cases to compare the independent data with various methods. Figure 8 shows experimental data for the initial microlayer thickness from Moriyama and Inoue (1996) , Zhang and Utaka (2010a) for HFE7200 as a test fluid and Han and Shikazono (2010a) for FC40 (both of which have similar properties to R113, as shown in Table 2 ). Although the experimental conditions are not exactly the same, the microlayer thicknesses measured by Moriyama and Inoue (1996) are significantly (several times) thinner than those reported by Zhang and Utaka (2010a) , and Han and Shikazono (2010a) . Furthermore, the measurements of water with channel size of 0.5mm by Zhang and Utaka (2010a) for parallel plate channel, and Han and Shikazono (2010a) for circular tube are plotted in Fig.9 . Consistence can be found in the region of low velocity, while perhaps due to the different channel geometry and experimental condition (for example, the acceleration of vapor forefront) the data at region of high velocity disaccord a little with each other.
CHARACTERISTICS OF FORMATION AND CONFIGURATION OF A MICROLAYER
The formation of microlayers in mini/microchannels could be considered to be the result of a balance between viscous, capillary and inertial forces, while their magnitudes are different depending on the bubble motion. For steady slow motion, i.e. the inertia could be assumed to be of minor importance, the system behavior would then governed by a balance between viscous and capillary forces. At faster steady flow, the effect of inertial force becomes non-negligible and steady, so that the Navier-Stokes equations must be employed instead of the Stokes equation for the former condition. As to the boiling condition, which is also the most unclear factor, the bubble undergoes significant volume change and the flow is highly transient as opposed to the steady or quasi-steady situations considered before. 
STEADY SLOW MOTION
Early research on the microlayer between a bubble and capillary tube wall was related to fields such as enhanced oil recovery and monolithic catalyst reactors. Most of these involve adiabatic bubble flow with low rates and narrow channels; therefore, the microlayer thickness was considered to be determined only by the balance of surface tension and viscous forces, so that the Navier-Stokes equations could be simplified to the Stokes equation with the assumption of creeping flow.
Bretherton (1961) pioneered a theory for vanishingly small capillary numbers by assuming that the bubble acts as a tight-fitting piston with a microlayer lubricating it and moves slowly (Reynolds number, Re≪1). The domain is divided into a constant-microlayer-thickness region and a bubble nose region. In the constant-microlayer-thickness, the problem is solved by regular perturbation theory. In the bubble nose region, the interface is assumed to be almost hydrostatic and almost circular. The interfacial tension is important in this region. These two regions must be continuously connected with each other, so that there must be a transition region in which the shape is deformed by viscous traction so that viscous forces also become important. The method of matched asymptotic expansions is used between two sub-regions; the capillary static region where the interface is an almost spherical cap and the transition region where the lubrication approximation can be applied. The fraction of liquid deposited on the walls by a wetting bubble was found to follow the well-known law, W = 1.29(3Ca) 2/3 , where Ca is the capillary number. However, the agreement between theory and experiment was less than satisfactory. For Ca > 10 -4 , the predicted law was approximately obeyed, but at slower bubble speeds, the measured microlayer thickness significantly exceeded the theoretical thickness. Katto and Shoji (1970) considered a liquid-layer flowing radially along a solid plane, as shown in Fig. 10 , where r represents the radial coordinate; y is the vertical coordinate; h is the microlayer thickness at location r; and u is the horizontal component of the liquid velocity at any height in the liquid layer. The volumetric flow rate of liquid through a control surface 1-2, which is a cylindrical surface, is given by 2πrV, where 
The gas that is in contact with the liquid layer was assumed to be kept at a uniform pressure, and the inertial force and gravity were neglected; these are similar assumptions to those employed by Bretherton (1961) . The liquid layer is so thin, so that the pressure generated by the surface tension can be assumed to extend immediately across the liquid layer. The pressure gradient within the liquid layer produced by the change in the curvature is balanced with the viscous resistance to flow. For the equation of interface, it was assumed to descend by an infinitesimal quantity of dh in an infinitesimal interval of dt. By assuming the interface curvature k to be
with the presupposition that / 1 dh dr ≪ , the microlayer formation is given in the following form
where α is a numerical constant. This theoretical analysis is consistent with the correlation obtained by the experiment conducted in the same research using const. = 0.8 and α = 1. Reinelt and Saffman (1985) examined the steady-state shape of a finger penetrating into a viscous fluid by solving two-dimensional Stokes equations for low Re flow. The equations were solved numerically by covering the domain with a composite mesh composed of a curvilinear grid on the curved interface, and a rectilinear grid parallel to the straight boundaries. The shape of the finger was altered to satisfy the normal-stress boundary condition by employing a nonlinear least squares iteration method. They considered plane and axisymmetric flow geometries, and in both cases, the results agreed well with the results of Taylor (1961) for the range of 0.01 < Ca < 2. Tsai and Miksis (1994) analyzed the axisymmetric creeping flow problem by numerically solving the Stokes equations using a boundary integral method. They integrated the kinematic condition to match in time from an assumed initial bubble shape until the final steady state was attained. The results indicate that the ratio of bubble and liquid viscosities does not significantly affect the bubble shape. Both the overall length and the curvature near the front of the bubble increase with increasing Ca, whereas the curvature at the trailing interface decreases. The bubble becomes more tapered at the front for large Ca, which in turn increases the film thickness between the bubble and the tube wall. The computed film thickness for a viscosity ratio of 0.001 agrees well with the experimental results of Taylor (1961) (for a viscosity ratio of ca. 0.0001) and Ca < 0.1, but deviates slightly for Ca > 0.2. The simulation results indicate that the viscosity ratio affects the microlayer thickness and begins to appear as Ca increases, though the effect is weak.
For the limit of slow flow, Aussillous and Quere (2000) proposed a first-order analysis using scaling arguments. Similar to the previously described analyses, the bubble front was assumed to be spherical with radius r; therefore, the Laplace pressure difference across the gas-liquid interface is given by 2 / p r σ = △ , provided the film thickness is small ( r δ ≪ ). In the region of constant film thickness, the curvature in the axial direction vanishes and the Laplace pressure difference is given by / p r σ = △ . The balance of the viscous force and the pressure gradient in the transitional region yields
where λ is the length of the transitional region between the spherical and flat interface, λ is unknown, but it can be estimated by requiring that the Laplace pressure is continuous at the interface, (i.e., the curvature of the spherical part matches the curvature at the end of the transition region). . This equation is valid for small capillary numbers (since r δ ≪ implies that 1 Ca ≪ ). As Ca increases, r must be replaced by ( r δ − ) in Eqs. (6) and (7), so that the film formation scaling law 
where the coefficient 1.34 was derived by Bretherton (1961) ; the coefficient 2.5 is empirical. In summary, several studies have used different methods to investigate steady adiabatic laminar motion of long bubbles through mini/microchannels with negligible effect of gravity. The mechanism of microlayer formation under steady, adiabatic conditions has almost been clarified. Under a slow motion limit of bubbles with negligible inertia, the microlayer thickness is determined by the balance between the viscous and capillary forces near the bubble tip; thus, the microlayer thickness (normalized by the tube radius or gap size) is only dependent on the capillary number Ca, and approaches a finite value as Ca increases.
STEADY HIGH VELOCITY FLOW
As the steady propagation speed of a bubble increases, the inertial effects cannot be neglected in the problem. The inertial term has to be taken into account and we have to employ the steady Navier-Stokes equation instead of Stokes equation to describe the problem.
The effect of inertia was first investigated numerically by Edvinsson and Irandoust (1996) using a commercial finite element method (FEM) program (FIDAP). They found that as the flow rate and diameters are increased, the influences of inertial forces as well as gravitational forces become more pronounced. The predicted thickness of the liquid film was slightly lower than those results observed experimentally, which was attributed to a peripheral variation in the surface tension. Moreover, it was also found that as Re (in the range of 20 to 2000) increases the film thickness becomes thicker, despite the effect being rather small as long as the flow is laminar. Giavedoni and Saita (1997) used the FEM to obtain numerical results for both plane and axisymmetric cases. For the case when inertial forces are negligible (Re = 0), the predicted microlayer thicknesses agreed well with Bretherton's asymptotic theory when Ca is smaller than 0.001. They also carried out computations for fixed values of Ca, while varying Re from 0 to 70. They found that the film thickness varies non-monotonically with Re for capillary values greater than 0.05, while the film thickness was essentially independent of the inertial forces for Ca smaller than 0.01. This work has been extended by Heil (2001) for a two-dimensional channel case using the same numerical method as Giavedoni and Saita (1997) for a large range of Re.
The results indicate a small thickening effect due to inertia for a finite Reynolds number up to 280. The nondimensional microlayer thickness initially decreases with the increasing of Re up to approximately 100, but for larger values of Re this behavior is reversed, as shown in Fig. 11 . Aussillous and Quere (2000) also investigated the inertia effect using low viscosity liquids and found that above a threshold of Ca the microlayer is thicker than the correlation derived from Stokes equation. They analyzed the problem by modifying the scaling laws (8) 
Finally, by eliminating λ in Eq. (13), the following will be obtained 
The dimensionless number that quantifies the importance of inertia is the Weber number We, defined as: We = ρu 2 (r-δ)/σ. Equation (12) agrees with the trend that the inertia thickens the film thickness; however, it seems that the coefficient and exponent require modification based on experimental or numerical results, otherwise it is only valid for We < 1.
Ryck (2002) presented an extension of the problem for Re up to 1000, based on a regular perturbation method. The velocity dependence of the film thickness was obtained by numerically integrating the film profile and searching for the maximum deposited film thickness that permits matching with a spherical tip. Thickening due to inertia was observed for low viscosity liquids. Figure 12 shows a plot of thenormalized thickness E = δ/r (i.e., the ratio between the film thickness δ, and the tube radius r) as a function of F = ρσr/µ 2 , which depends only on the nature of the liquid and the tube radius. In particular, it can be noticed that the thinning, which may attain 20% for δ/r 
Finally, using the least linear squares method, their experimental data was correlated in the form as: 
ACCELERAED MOTION UNDER BOILING CONDITION
There are not sufficient published studies of the accelerated motion of bubbles confined in mini/microchannels relevant to boiling when the bubble grows nonlinearly due to rapid evaporation of the microlayer (Fig. 13, by Utaka. et al., 2009 ). This requires using the full NavierStokes equations rather than the Stokes equations or Navier-Stokes equations that neglect local acceleration associated with unsteady flow.
In the study of Moriyama and Inoue (1996) , it was observed that the microlayer thickness exhibits two different trends as the bubble forefront velocity increases as mentioned in section 2. They considered that a transition in the controlling mechanism occurred within the range of their experimental conditions. Two regimes for microlayer formation in their experimental study were identified according to whether the Bond number, 
For small Bo a , the dependence of δ/s only on Ca suggests that the steady-flow correlation with negligible inertia should apply, while the microlayer formation is controlled by the viscous boundary layer when Bo a is greater than 2 (see Fig. 14) . As noted by Moriyama and Inoue (1996) , their correlation gives values about three times smaller than the theoretical correlation (broken line) proposed by Park and Homsy (1984) for the range of conditions in their study. They suggested that this could be because the condition of their experiment lay outside of Park and Homsy's theoretical correlation and the exponent of Ca decreased when Ca increased. This work is the first to provide experimental results that bridge the two physical regions of microlayer formation, and should be considered as one of the milestones for microlayer formation mechanism research. Han and Shikazono (2010a) assumed that under accelerated conditions bubble nose curvature is affected by the viscous boundary layer. Based on the measured results of the microlayer thickness affected by acceleration as mentioned in section 2, a modification coefficient 
Their experimental data was found to be predicted accurately within the range of 15% accuracy using this correlation. Zhang et al. (2010b) proposed a non-dimensional correlation by applying a similar method to that by Moriyama and Inoue (1996) 
In the region where We was smaller than 110, the nondimensional thickness of the microlayer increases almost linearly with We. However, for the region where We was larger than 110, the nondimensional microlayer thickness is almost independent of We, where the microlayer thickness seems to obey the Prandtl law. Zhang et al. (2010b) . Fig.16 Effect of gap size on the boiling curves on a titanium oxidecoated surface by Tasaki and Utaka (2003) .
Generally, the pattern of two regions (i.e. surface tension-viscosity control region and boundary layer control region) seems acceptable to describe the microlayer formation for a wide range of bubble growth velocity. However, the important parameter used in these correlations is that the distance of a bubble traveling from the incipient site is still difficult to predict; therefore, accurate prediction of microlayer thickness based on the basic parameter of a microchannel boiling system still requires development. Tasaki and Utaka (2003) measured boiling curves for water in mini/microchannels formed between two parallel quartz glass plates with a titanium oxide-coated wetting surface, as shown in Fig. 16 . The curves can almost be divided into a microlayer evaporation region and dryout region. In the microlayer evaporation region, heat transfer was enhanced due to the formation and sustaining of a microlayer on the heating plate with a highly wetting surface in a smaller superheat region within 3°C. The microlayer evaporation region occupied approximately 70 to 80% of the maximum heat flux, which indicated that microlayer Fig.18 Schematic illustration of the three-zone heat transfer model and results for elongated bubble flow in a microchannel by Thome et al. (2004) .
EFFECT OF MICROLAYER EVAPORATION ON BOILING HEAT TRANSFER IN MICROCHANNELS
evaporation was the dominant heat transfer mode in microchannels.
As a continuation of the study by Tasaki and Utaka (2003) , Utaka et al. (2009) divided the bubble generation cycle into microlayer and liquid saturation periods. The changes in microlayer thickness and the transition of the degree of superheat on the heat transfer surface in the microlayer period, and the temperature changes of bulk liquid in the liquid saturation period, were calculated at different heat flux for gap sizes of 0.5 and 0.25 mm with the assumption of one-dimensional transient heat conduction in the liquid. The calculated values agreed well with the experimental results (see Fig. 17 ), which confirmed that the heat transfer is enhanced due to microlayer evaporation. Thome et al. (2004) analyzed the heat transfer coefficient in each zone (liquid slug, elongated bubble and vapor slug) of the proposed three-zone flow boiling model as shown in Fig. 18(a) . Using the measurement results for microlayer thickness from Moriyama and Inoue (1996) , they calculated the local heat transfer coefficient in the evaporating microlayer by assuming that the microlayer is stagnant and the heat transfer coefficient is controlled by one-dimensional conduction across the microlayer. For liquid and vapor slugs, heat transfer coefficients were calculated from their respective local Nusselt Fig.19 Dimensionless liquid film thickness versus capillary number for an experiment using water by Han et al. (2010b) .
numbers and applied to the respective lengths of the liquid slug and dry wall zones. The calculation results given by the model were compared with the database, as shown in Fig. 18(b) . By asymptotic method, a continuous expression of the mean heat transfer coefficient of liquid slug or dry wall zone as a function of Re was proposed for both laminar developing flow and turbulent developing flow with a critical Re of 2300. As reported by Kurokawa and Moriyama (1986) , even a small acceleration significantly increases the critical Re. Under boiling condition, acceleration and deceleration (because of the expansion of the preceding bubble) occur; therefore, a higher critical Re should be used during boiling in mini/microchannels. Han et al. (2010b) found that under the boiling condition, the microlayer thickness of water is thicker than the prediction of Eq. (15) (which is obtained at steady flow condition) at Re critical =2000, but follows the prediction when Re critical =4300 is used (see Fig. 19 ). Similarly, by assuming onedimensional transient heat conduction, they calculated heat transfer coefficients from measured microlayer thickness for a circular tube. The results show good accordance with the heat transfer coefficients obtained directly from wall temperature measurements at small vapor qualities.
The heat transfer coefficient could generally be predicted well by the assumption of one-dimensional transient heat conduction if the initial microlayer thickness is given exactly. Therefore, accurate models or methods including the transient nature of flow to predict the thickness of microlayers and the other effects on the boiling heat transfer coefficients in microchannels still require further investigation.
SUMMARY AND CONCLUSIONS
Experiments, numerical simulations, and theoretical analyses of microlayers formed during boiling in mini/microchannels have been reviewed.
Several techniques have been attempted to measure the microlayer thickness in mini/microchannels under both adiabatic and boiling conditions with accurate measurement results obtained in their respective experimental systems. A uniform standard of appraisal for measurement results obtained by different methods still requires development in the future.
Bubble motion in mini/microchannels for laminar, steady, and adiabatic conditions has been almost completely clarified, both theoretically and experimentally, and methods for the prediction of microlayer thickness have also been successfully developed for these conditions. However, there is only a small amount of publications available on the microlayer formation mechanism during boiling in mini/microchannels. The effects of inertia and acceleration must be taken into account for the potentially highly transient vapor bubble growth in mini/microchannels. Generally, the pattern of two regions (i.e. surface tension-viscosity control region and boundary layer control region) seems acceptable to describe the microlayer formation for a wide range of bubble growth velocity.
